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Abstract:

The process of gas compression in the downcomer shaft or pipe of a hydraulic air compressor is nearly
isothermal due to: i) the mass flow rate of water being typically of three orders higher than that of the gas it
compresses, ii) water having a heat capacity approximately four times that of air, and iii) the intimate contact
and large heat transfer area between the gas phase and the liquid phase of the bubbly flow. A formulation for
estimation of the efficiency of a closed or open loop hydraulic air compressor, expressed in terms of the
principal hydraulic air compressor design variables, is presented. The influence of a hitherto
underappreciated factor affecting the performance of these installations, such as the solubility of the gas
being compressed in the water, is explored. A procedure for estimating the yield of compressed gas,
accounting for these solubility losses, is explained and used to determine the mechanical efficiency of
historical hydraulic air compressor installations from reported performance data. The result is a significant
downward revision of hydraulic air compressor efficiency by approximately 20 percentage points in
comparison to most reported efficiencies. However, through manipulation of co-solute concentrations in the
water, and the temperature of the water (through regulation of the ejection of compression heat), the
mechanical efficiency can be increased to the formerly reported levels. The thermo-economic implication of
these efficiency determinations is that in a modern context, hydraulic air compressors may be able to
outperform conventional mechanical gas compression equipment.
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1. Introduction

In the late 19" and early 20" centuries Hydraulic Air Compressors were large scale installation
typically formed in rock tunnels, that constituted a method of harnessing hydropower towards the
production of compressed air firstly for cotton fabric production but then principally for mining
industry applications [1]. A hydraulic air compressor is a device that is said to provide a practical
isothermal compression process to the air that passes through it [2-4]. This paper aims to establish
an expression for the mechanical efficiency of a HAC defined as:

W, W,
T mech = = J (1)
Winput Winput
where w, , is the indicated work, usefully delivered to the air when in its compressed state and

Wit can be provided to the system in the form of

hydropower in a natural watercourse, as illustrated in Fig. 1. Alternatively work may be provided to
the system by a pump for the cases of an open or closed loop HAC [1]. In either cases, it is
important to establish the mechanical efficiency of the system, especially in economic assessment
studies involving comparisons with conventional air compression equipment, such as centrifugal
COMPressors.

is the work supplied to the HAC system. w.

input
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Fig. 1. Schematic of a hydraulic air compressor — station 1: air inlet; station 2: compressed air
outlet; station 3: water inlet; station 4: water outlet.

2. Control volume formulation

Figure 2 shows a schematic of a HAC system that is considerably simplified in comparison to an
actual HAC layout (Fig. 1). Air enters the control volume with mass flow rate m_ inlat P =P

atm’

T, =T, Water enters the control volume with mass flow rate m, in 3, with elevation
and B, =P, =P, T,=T,,, - Air and water mass flows mix in a mixing device and as

atm
the water descends in the downcomer shaft, there is an interchange of work and heat between the
two phases before the pressurized two-phase flow is separated into individual air and water phases
in a water/air separation device. Water ascends the riser shaft and leaves the control volume at the
tailrace elevation, z, =z facing atmospheric pressure P, =P, =P =P, and at temperature

atm
T,. Service air leaving the HAC exits from section 2 at a pressure determined by the difference in
water level elevation at the tailrace of the HAC and the water level elevation at the water-air
separator system at depth, P, = p, g(z weparator)+ Pan - 1HE temperature of the service air is

the same as the temperature of the water in the tailrace, T, =T, .

23 = Zforebay
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z
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Fig. 2. Control volume schematic of a HAC (a) for 1%t law analysis (b) for analysis where gases
dissolve in the water, by-pass the gas-liquid separator and return to atmosphere via the riser.



Note that Fig. 2 is a highly stylized representation of the HAC system that ignores the vertical
extent of the processes ongoing within the HAC at depth that is more apparent in Fig. 1. Figure 2
could be taken to apply to a rather more conventional air compressor that possesses a water jacket
transferring heat away from the air as it is compressed, with a water mass flow rate sufficient to
remove heat from the air, so that the air always attains the temperature of the water. Fig. 2 also
attempts to illustrate that the compression work done on the air arises from ‘harnessing’ the
potential energy loss of the water, as it flows through the ‘water jacket’, by means of the stylization
of the mechanical element connected to the compressor .

To determine the mechanical work added to the air (supplied by the water) per kg of air, w,,, the

input work to the air is recognized as arising from the change in potential energy, as the water falls
from station 3 to 4:

mGW12 = mvv g(23 - 24)1 (2)
so that, the work added to the air is
N, glz, —Z
W, = M1 (3)
mG

This is not the same as the indicated work per kg of the service air delivered, which will be
discussed subsequently. Adopting a convention of heat and work being added to a flow as positive,
the steady flow energy equation (SFEE) is considered between the respective input and output
locations for the air and the water phases separately. For the air:

2 2
Vig =V

TZG+9(21_22)+W12+q12 :hze _hlG! (4)

and the control volume is drawn such that the locations of input and output states of air have the
same elevation (for the air), and the diameters of the ducts containing the air at these locations are
assumed engineered so that velocity v, =v,. . Note that these conditions are not quite the same as

assuming the difference between the velocities and the difference between elevations are negligible,
but have a similar effect, so that:

W, +(, = hze - hlG J (5)

Solving (5) for qg,, and substituting (3) yields:

Oi2 :(hze _hlG)_%g(ZB_Z4)! (6)

G

The SFEE can be applied to the water flow assuming the forbay and tailrace geometries carefully

engineered so that v, =v,, , and:

Wy, +0gq = hyy — gy —g(z3 _24)' (8)

where w,, denotes the mechanical work supplied by the water to the air (i.e. leaving the water), one
obtains another perfect statement of the first law and q,, the heat added to the water during the
compression, per unit mass of water, therefore:

s = (h4w _h3w)_g(23 _24)_W34’ (9)

The thermal interaction between the two phases can be represented as:
My Qa4 + Mg 0;, =0, (10)



Solving (10) for q,, and substituting (6) yields:

m m
0, :_mW_quz :_ﬁG(hze “he)+9(z-z), (Y

and from (9) and (11) the mechanical work w,, results:
m
Wsy = h4w - hsw +We(hze - hlG )_ 29(23 - 24), (12)

For a perfectly isothermal process for the water h,, =h,, since P, =P, and T, =T,. Practically, in
a HAC although T, may be close to T, they cannot be identical because heat is added to the water

in the process, which must increase its temperature. Consequently, in the foregoing, the enthalpy
terms in (11) and (12) must be retained in considering this a nearly isothermal process for the
water, rather than a perfectly isothermal process.

With the exception of specific times when the river and atmospheric air temperatures are the same,
air temperature will vary from atmospheric temperature at inlet, to the temperature of the river
water at exit. After the mixing process at the HAC inlet, temperatures of air and water can be taken
to be the same, and thereafter, as the two-phase flow descends, work and heat transfers will occur
nearly isothermally. For air, generally rather than specifically, the sequential processes of mixing
and nearly isothermal compression will lead to an overall process best described as polytropic. The
mechanical efficiency of the compression of air by a HAC can be expressed, e.g. [5,6] as:

Vdp
77 _ Wind _ Il (18)
mech — - ,
Winput W12
where the useful pneumatic work yielded up by the compressed air as it is consumed, is:
fwszﬁfJQmﬁth, (19)
! In (TZ /Tl)

so that by substituting (19) and (3) into (18) one obtains:

R(T, _Tl)ln(PZ/Pl)

nmech = mW In (T2 /Tl) ) (20)
o 9(23 - 24)
mG

Recalllng that Pl = Patm’ PZ = pvvg(ztailrace_ Zseparator)+ Patm 1 Tl :Tatm’ T3 :Triver ! T2 =T4 and dEfInIng
T,-T, =0T as a small temperature change of the water through a HAC with operating head
H =(z, —z,), efficiency can be written in terms of the on-site observables:

In |_(/0W g (Ztailrace - Zseparator)+ I:)atm )/ Path

R(T e +6T =T
( i atm) In ((Triver + éT )/Tatm)
77mech = mw y (21)
——gH

Mg

river

To determine oT the work interaction between the two phases can be represented as:
my W, +Mgw,, =0, (22)



and by substituting (12) and (3) into (22), making substitutions of the form h=c 1 and solving for
oT , one obtains:

.ﬁ gH -C pG (Triver - Tatm)
_ Mg
ST = : | (23)
C pG + ﬂ Cw
mG

which can be used to establish the HAC efficiency (21). For a HAC with given available head and a
fixed depth to the separator water level from the tailrace level, 6T depends upon environmental
temperatures at input with just the input mass flow rates as control variables. Practically, the
historic HACs were regulated by adjusting the mass flow of the water entering the system, leaving
the mass flow of air as a free variable that adjusted itself to the physics.

3. The effect of solubility on HAC mechanical efficiency

Effectiveness of the system is affected by the solubility of gas species in water [1]. Historical HAC
installations reported a reduced oxygen concentration in the compressed air being observed during
their use in mines [7]. This occurred because gaseous air species dissolved in the water passing
through HACs and thus by-passed the air-water separation systems. In formulations of efficiency
that relied on mass continuity of the air between the (low pressure) inlet and (high pressure) outlet
(sections 1 and 2 in Fig. 1), the useful pneumatic power delivered by the compressor,

W, , =g deP, (24)

was overestimated because the value of m_ used in the calculation did not account for the gas
solubility losses. In re-analysis of the published information on HAC efficiency, the mass flow at
inlet, Mg ;,, must be distinguished from that at outlet, Mg ... A compressed air yield parameter, y,
then arises from the HAC efficiency equation:

Wmd Mg out _[ Vdp M out J'Vdp
Mmech :W = = :

input

I Vdp
X ; =Yy
mG,inWl2 mG,in W12 WlZ , (25)
To properly establish the mechanical efficiency of a HAC, the mass flow of the gas dissolved in the
water must be determined, ideally using the same set of on-site observables, as used previously. The
problem of its determination is complicated by three factors:

1) The solubility of a gas in a liquid is directly proportional to the partial pressure of the gas
above the liquid (Henry’s law) and reduces with increasing temperature.

2) When an air bubble is entrained within the water of the HAC, it becomes isolated from the
atmosphere. During compression of an air bubble, the equilibrium that the solubility
parameter characterizes is established between the finite mass of gas within the closed
boundary of the air bubble, and the water phase around it and the partial pressure of the gas
varies as the mass of gas in the bubble depletes.

3) The process of solution of a gas in a liquid is known to be affected by the kinetics of the
process. Rate equations are needed to establish how close the concentrations of the gas
dissolved within the water actually are to a new, higher pressure, equilibrium state.

The required calculations can be simplified by assuming that the residence time of a bubble in the
separation chamber is sufficiently long that the composition of the bubble gas chemistry has come
to equilibrium with the dissolved gas species, which makes factor 3 as negligible. Gas species
solubility at atmospheric pressure is required to determine the mass of dissolved gas species at the
water inlet to the HAC given the partial pressures of those species in the atmosphere. It is also



required for the HAC delivery pressure, which is determined exactly from the head between the
HAC tailrace elevation and the elevation of the gas-water interface in the HAC separation device.
An iterative procedure is used to establish the gas species solubility at depth, due to the constraint
that gas dissolving in the water when pressure rises, must be drawn from the finite mass of gas
drawn into the water at inlet. This alters the partial pressures of the gas species in the bubbles in a
non-trivial manner such that, ultimately, a new dynamic equilibrium is established with the
concentrations of the dissolved gas species, dictated by the solubility of these gases at the new
temperature and pressure. The net effect is a mass transfer of the gas species from the bubbles to the
water, which accounts for the ‘by-pass loss’ of the HAC and permits direct estimation of y. The
interested reader is referred to [8] for details of the iterative procedure, flow charts, and code
listings of the algorithm.

4 Efficiency determination of precedent HAC installations

Considering all available data identified in the literature regarding precedent HAC systems
[1,11,12], their mechanical efficiency can be estimated using (21), (23) and (25).

The results are shown in Table 1 and for more detailed performance testing reported [1,11,15] in
Appendix B. Table 1 constitutes a revision of HAC efficiency values reported by Langborne [12].

The input data for calculations are temperature and pressure of the fluids at the compressor intake,
the depth of the riser shaft, the mass flow rate of water and air, and the yield parameter, that is, the
on-site observables. Where possible, a detailed examination of the historical weather records was
undertaken to establish reasonable values for the input temperatures and pressures.

The maximum theoretical efficiency is obtained with yield equal to 100%. By comparing these with
values of HAC efficiency presented in the literature, it is possible to deduce whether or not the
corresponding performance tests metered the air mass flow rate at the HAC inlet or at the point of
air delivery (as summarized in the last column of Table 1). In some cases, the disparities between
the literature values and those computed (accounting for yield) are striking. In the case of the
Victoria Mine HAC, the efficiencies are 20% less, whereas the values of the maximum, theoretical
efficiency computed for this work are consistent with the literature values.

The mass flow rate ratio, m,, /m, , is a parameter that could be controlled by the operator by means

of control valves for both fluid streams, and the magnitude of the delivery pressure of a HAC is a
design parameter that reflects the air-water separator depth. The product of these two parameters
was chosen for the abscissa of the plot showing the variation of efficiency for the various historical
HACs, firstly without the yield and secondly with the yield (Fig. 3). With this choice of abscissa,
the optimum efficiency HAC design appears to be embodied by the Cascade, Dillingen, and
Glanzenberg HAC installations, with (M, /Mg ): (0 9(Zairace — Zseparator) + Parm) = 900,000 kPa and

maximum theoretical efficiencies of 95.67%, 94.08% and 91.43%, respectively.

Introducing the yield parameter estimated from the on-site observables, the overall efficiencies are
reduced from 50 - 95% to 35 - 82%. In particular for the three installations with highest mechanical
efficiency, the overall mechanical efficiency drops to 82.41% 78.09%, and 72.98% for Dillingen,
Cascade and Glanzenberg respectively.



Table 1. Comparison between the calculated value of mechanical efficiencies and values presented in literature. Underlined figures in the tables are
efficiencies lower than those previously reported.

Design Parameters | Temperatures Pressure Mass flow rate Yield | Efficiency
No.| Year Location ﬁ;\;e:jilable ge';i{] Water | Air Atm Delivery mztter ;Ar;ilzet /:lj{let Mechanical | Overall b;tlea;ature gé?iﬁ:y
(m) (my | Q) | (C) | (kPa) | (kPa) (kgls) | (kals) | (kgls) | (%) | (%) (%) (%)
1 1896 Dominion Cotton Mills, Magog, Quebec, Canada [13] 6.58 36.55 25 26.67 101.3 4585 2907.9 0.793 0577 7277 54.71 39.82 55 |
2 1898 Ainsworth, British Columbia, Canada [13,11] 32.77 61.11 15 15 101.3 700.1 1980.2 2949 2643 89.64 74.10 66.42 53 |
3 1898 Dillingen Ironworks, Dillingen, Sear, Germany [11] 1.80 1239 15 15 101.3 2228 867.2 0.203 0.176 86.87 86.51 75.15 79 D
4 1901  Cascade Range, Washington State, USA [11] 13.72 60.05 15 15 101.3 689.6 1414.4 1147 0.937 81.62 95.67 78.09 D
5 1902 Norwich, Conn., USA [13] 57.00 15 15 101.3 659.8
6 ? Peru [14]
7 1903 Glanzenberg Mine, Nr Siegen, Germany | [15,11] 40 8258 15 15 101.3 9104 14.2 0.026 0.023 88.79 86.01 76.37 74 D
8 1903 Glanzenberg Mine, Nr Siegen, Germany |1 [15,11] 50 7230 15 15 101.3 809.7 14.7 0.033 0.030 91.80 78.07 71.67 70 D
9 1903 Glanzenberg Mine, Nr Siegen, Germany |11 [15,11] 17 7230 15 15 101.3 809.7 14.2 0.013 0.010 79.81 9143 72.98 70.2 D
10 1904 Trent Canal Lift Lock, Peterborough, Ontario, Canada [11]  2.74 19.67 15 15 101.3  294.1 D
11 1905  Holzappel, Germany [11] 117.04 64.04 15 15 101.3 7288 17.9 0.091 0.088 96.78 72.12 69.80 66 D
12 1906 Victoria Mine, Ontonagon County, Michigan, USA [12,16] 21.34 7955 1094 12 9.5 8763 20964.9 20.00 1568 78.36 82.20 64.41 82 |
13 1907 Royal Mine Inspection Plant, Clausthal, Germany [15,11] 99.30 50 15 15 101.3 591.2 53.3 0.210 0.203 96.73 59.18 57.24 7 D
14 19087 Zeche Victor Rauxel Mine, Dortmund, Germany [15,11] 82 61.57 15 15 101.3 704.6 66.6 0.213 0.202 95.05 63.82 60.66 73 D
15 1909 Royal Mine Inspection Plant, Grund, Germany [11] 36 61.85 15 15 101.3 707.3 157.0 0.261 0.236 90.59 75.66 68.54 88 D
16 1909 Ragged Chutes, Nr Cobalt, Ontario, Canada [19, 17] 16.92 83.97 21 21 101.3 923.2 29690.4 2265 17.09 7542 8581 64.71 83 |
17 1915 Persberg, Sweden [11] 29.57 790.3 24 45-57
18 192472 Cumberland, England [11]
19 1925  Falun, Sweden [18] 47.85 7955 15 15 101.3 880.8 179.8 0.343 0.307 8946 7272 65.06 46-52 |
20 1929 Saragossa, Spain [11] 1.83 25 25 101.3 204.3 2831.4

21 1929  Nigeria, Tin mine [11]
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Fig. 3. Theoretical and overall mechanical efficiency of 14 hydraulic air compressor installations,
plotted against the product of the mass ratio of the two phase (water, air) bubbly flow and delivery
pressure.

It is of historical interest that Charles Taylor, the HAC patent’s owner, had a wager with the owners
of Victoria Mine (Michigan, USA) that was based on the as-built performance of the HAC he
supplied to them. For every 3% efficiency points lower than 70%, Taylor agreed to accept $1,000
less of his fee. Because of Taylor’s efficiency guarantee, the compressor was tested on May 28 and
29, 1906 and on the basis of these tests (reproduced in [11]), he won the bet. The measured
efficiency reported [11] varies between 73.50 and 82.27% and agrees well with the theoretical
efficiency computed herein (Table 1), that is, the efficiency that does not account for gas yield.
With the yield estimated and the overall mechanical efficiency of the installation recomputed, the
actual efficiency of the Victoria Mine compressor is estimated as ranging from 56.01 to 64.50%.
These results suggest that during tests at Victoria Mine the mass flow rate was metered at the inlet
of the compressor instead of at the outlet, so the air mass lost during the process was neglected.
They also suggest that Taylor should have lost his bet!

5. Approach from an exergetic point of view

A correct description of the process that takes place in a HAC must consider a small increase in gas
temperature to drive the exchange of heat between air and water. As energy is converted from
potential energy to heat and work exchanged between the two fluids, further analysis of the process
is required, namely one that considers not only the amount of energy involved but also the quality
of energy exchanged. A description of the system that includes the First and the Second Law of
Thermodynamics together leads to a more complete interpretation of HAC system behaviour. In
particular, exergy analysis is a well-established method for the design, optimization, and
performance evaluation of energy systems [20,21].

Exergy analysis is adopted to take into account the different thermodynamic values of different
energy forms and quantities, that is, the work and heat transferred, and to determine the lost work or
irreversibility of the process. The thermodynamic imperfections can be quantified as exergy
destructions, which represent losses in energy quality or usefulness. The destruction of exergy is

proportional to the rate of entropy generation, S, where the coefficient of proportionality is the
reference temperature, T, . This quantity can be evaluated by means of the exergy balance applied to

a defined control volume. For an open system, adopting again the convention of heat and work
being added to a flow as positive, the exergy balance in steady state can be written as:

N T . NC )
>Q (1—T—°J +W =) +mb+T,S,,, (26)
i=1 i k=1



where the two terms on the right hand side express the exergy related to the thermal flow,
exchanged with a heat source at temperature T,, and the mechanical-electric power, while on the left

hand side, the first term is referred to mass flows entering or leaving the system and the last term is
the flux of destroyed exergy. N is the total number of heat flows and NC is the number of streams
crossing the system.

Excluding nuclear, magnetic, electrical and interfacial effects, the exergy of a stream of substance
crossing the system boundary is given by the sum of the kinetic, potential, physical and chemical
exergy [21]. Thus, according to [22], the specific exergy of a mass flow is:

2

b=V?+gz+bph+bch, (27)

The physical exergy is calculated from the reference state at temperature T, and pressure p,
without any change of the chemical composition of the considered substance:

by, =h—hy —Ty(s-s,), (28)

The chemical exergy [22] expresses the exergy content of the substance at environmental
temperature and pressure and its value results from the difference of composition of this substance
in relation to the commonly appearing components of the environment. The chemical part of exergy
can be expressed by means of chemical potential ., and molar mass M, of species i

1

b, = Zw(ﬂi,o - :Ui,oo)’ (29)

The quantity ,, , denotes the value of x at the restricted dead state (i.e., when the system is in

thermal and mechanical, but not chemical, equilibrium with the environment), with intensive
properties T,, p, and mole fraction x, for each species i. The intensive properties ,, .., T,, p, and

x;, Characterize the conceptual reference environment, denoted as dead state, within which the

system is in complete equilibrium.

For gaseous substances containing only the gaseous species present in the reference environment,
the calculation of chemical exergy takes into account only the change of the concentration of the
components of the considered substance [22]:

bch = hi,O - hi,oo -Tp (Si,o - Si,OO):TOZ fi R; In XX__i' (30)

i,0

where f.and x, denote the mass and mole fraction of species i, respectively.

Applying the exergy balance (26) to the control volume in Fig. 2a, it is possible to determine the
rate of irreversibility produced in the HAC when no losses of compressed air are present and the
yield parameter assumes value equal to 100%:

. . . . T
TOSgen =Mg (blG _bze)"'mw(bsw _b4W)+Qd [1_?0) (31)

The last term in (31) disappears if the temperature of the external environment is equal to that of the
reference state. Assuming again proper engineered ducts for air and water flows, so that v, = v,

and v,, =v,, , the variation in specific exergy for air and water results in:

aw 1

blG - bze :hlG_hZG _To (SlG — Sy )’ (32)

bsw _b4w = 9(23 - Z4)+h3w_h4w _To(ssw — Suw )' (33)



It can be noted that the specific chemical exergy is characterised by the same value at inlet and
outlet locations since, if the chemical concentrations of substances present remain unchanged.

However to take into account the effect of the solubility previously explained, the portion of air that
comes out of solution in the riser shaft can be represented as an additional flow of air leaving the
control volume at the tailrace elevation and at the same temperature and pressure of the water at
section 4. Hence, the control volume that must be considered for the application of the exergy
balance is the one shown in Fig. 2b. The schematic in Fig. 2b does not represent the process of
dissolution in water and separation to which the flow of air leaving the system is subjected at
section 5 with elevation z, =z, =z andstate P, =P, =P,,, T, =T,.

tailrace atm’?

Introducing the yield parameter, the exergy destroyed can be evaluated as:
: . . . . : T
Tosgen = me1G -y mebze _(1_ Y) ’ meSG +my, (b4w _bsw ) +Qd (1_?0J : (34)

It is important to highlight that the variation of the solubility, as previously described, affects the
partial pressures of gases that constitute the compressed air mixture. Gaseous species that form the
air mixture leaving the system at station 2 and 5 have different mass and mole fractions than at
section 1. This phenomenon leads to a variation of the chemical potential, and thus of the chemical
exergy, of the air flow from the inlet to the outlet locations. Whereas (33) is still valid for the
variation of specific exergy of the water flow, the specific exergy of air mixture at sections 1, 2 and
5 can be assessed with respect to the reference state conditions as follows:

b:§+gz+2fi(hi—hm—T(i ,0))+TZfRIn— (35)

| 0

As stated in [20] and [22], the physical exergy can be decomposed in two contributions in order to
separate the role of pressure and temperature. The third term on the right hand side of (35) can be
divided into thermal exergy, b_,., and mechanical exergy, b

phT?

:izfi[hi(T,pi)—hi(To,pi)—To(si(T,pi)—si(To,pi))], (36)

= .Z f. [hi (T,,p;)-h (To' P, 0) ( (To. pi)- (To’ Pio ))]’ (37)

These two quantities are determined by the change in enthalpy and entropy of the mixture from
operational states, with T, p, x, for each species i to the restricted dead state at T,, P,, x, for each

species i, so that the reference partial pressure, p, , is given by the product of the pressure p, and
the mole fraction x,. The variation on the gases’ mole fractions, passing from the restricted dead
state to the dead state at T,, P,, X, for each species i, is included in the last term of (35).

Expressing (36) and (37) for an ideal gas mixture and substituting the third term of the right hand
side in (35), the specific exergy of air flows can be evaluated as:

2
b:%+gz+ZfiCp (T T,-T,In J+TZfRIn i +TZfR|n— (38)

|,0

Considering that the partial pressure p, is given by the product of the pressure P and the mole
fraction x, of species i, the last two terms in (38) can be rearranged as in equation (39) and (40):

2
b:v?+gz+2ficp[T T,-T,In j+TZfRIn—P —, (39)

i'o i,0



2
b:V?+gz+ZfiCp (T ~T,-T,In j+T Zf R In—— P ., (40)
i X:

i,0' 0

In addition to the rate of irreversibility produced in the system, the exergetic efficiency or rational
efficiency [21] of the system can be established, that is, the ratio of the useful exergetic effect to the
consumption of the driving exergy (used exergy).

For a HAC system, the used exergy is given by the change in exergy content of the water flow. This
quantity is mainly determined by the change in potential energy undergone by the water flowing
from section 3 to section 4, that is, the first term on the right hand side in (33). Whereas, in HACs
the useful exergy effect is given by the change in exergy content of the air flow compressed. The
exergy efficiency for a HAC undergoing a theoretical process, that is, with yield of 100%, can be
obtained by:

_ mG (bze _blG)
ex . l (41)

My, (bzw - b4w )
In real processes taking place in HACs, the solubility effect must be taken into account and the
exergetic efficiency assumes the following expression:

Y‘me(bze _blG).
My, (bsw —byy )

Equation (42) implies that the exergy of the air flow leaving the system at station 5 is considered as
an exergy waste emission.

Data available regarding historical HAC installations (summarized in Table 1) are used to establish
the irreversibility production and the exergetic efficiency of the system. Dead state conditions,
chosen for the analysis, are reported in Table 2. The temperature T of the heat source, toward which
the dissipated heat is released in the present case of imperfect insulation of the system, is assumed
to be equal to the temperature of the reference environment T,. This approximation does not

strongly affect the result since the value of Q,, evaluated by applying the First Law of

Thermodynamics to the overall system, was negligible with respect to the calculated flux of
destroyed exergy. Mass and mole fractions of gas species at sections 2 and 5, needed for the
determination of exergy content of air flow, are obtained by means of the iterative procedure [8]
used to establish the yield parameter.

Exergetic efficiencies that include the effect of solubility are shown in graphical form in Fig. 4. The
highest values of exergy efficiency are 81.81% and 78.47%, corresponding to Dillingen and Cascade
installations respectively. Exergy efficiencies appear close to calculated energy efficiencies. Hence,
installations with a higher energy performance are also characterized by higher performance from
the point of view of the Second Law.

Mex = (42)

Table 2. Dead state conditions. Mass and mole fraction are obtained by normalization of typical
values for standard dry atmosphere [9,10]

Temperature T, =298.15K
Pressure p, =latm
Composition Atmospheric dry air at T, and p, having the following composition:
Alir constituents Mole fraction Mass fraction
N2 0.7808131 0.7551365
02 0.2094528 0.2313835
Ar 0.0093397 0.0128807
CO2 0.0003944 0.0005993
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Fig. 4. HAC exergetic efficiency of 14 hydraulic air compressor installations plotted against the
product of the mass ratio of the two phase (water, air) bubbly flow and delivery pressure.

The rate of irreversibility production presented in Fig. 5 is normalized to the value of water flow
rate in order to give a better comparison between installations with different design parameters that
result in strong differences of water mass flow rate. The highest absolute value of flux of exergy
destruction came from the Ragged Chutes and Victoria Mine installations, while, by analysing the
normalized value of exergy consumption, Holzappel and Clausthal were the cases where the highest
irreversibility was produced (considering the amount of water mass flow involved in the system,
that is, the scale of the compressor). Installations with the highest values of Second Law efficiency
are found to be characterized by the lowest values of normalized exergy consumption, as evident in

Fig. 5.
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Fig. 5. Rate of irreversibility production of 14 hydraulic air compressor installations normalized to
the water mass flow rate. Mean results are presented for installations with several test conditions
available (see Table A, appended).



6. Conclusion

This paper proposes an energy and exergy based analysis of the processes taking place in a HAC.
The expression of HAC energy efficiency derived by considering a so called nearly isothermal
process gives a more precise description of the system, as compared with those proposed in
previous analyses using an isothermal compression. The important role of air solubility during the
compression process is presented and the methodology used to evaluate its effect is described in
detail. The evaluation of theoretical and actual HAC efficiencies, which takes into account the
effect of solubility, were computed and compared with data available in the literature for all
installations of proven existence. The exergetic analysis permits the rate of irreversibility produced
in the system and the Second Law efficiency to be evaluated, in order to give a comparison between
different HAC installations.
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Nomenclature

specific exergy, J/kg

specific heat capacity, J/(kg K)
mass fraction

acceleration of gravity, m/s?
specific enthalpy, J/kg
hydraulic head, m

mass flow rate, kg/s

molar mass, g/mol

polytropic exponent

P, partial pressure of i, kPa

Sz ISQ+~OCT

P pressure, kPa

g specific heat transfer, J/kg
o) heat transfer rate, kW
gas constant, J/(kg K)
specific entropy, J/kg

rate of entropy generation, kW/K
temperature, °C

velocity, m/s

specific volume, m3/kg
specific work, J/kg

W work, kJ

w rate of work, kW

X mole fraction

y vyield
Z elevations

s << dwv D

Greek symbols

ol temperature difference, K
n energy efficiency

p density, kg/m?®

U chemical potential, J/mol
Subscripts and superscripts
00 dead state

0 restricted dead state
atm  atmospheric

ch chemical

d dissipated

ex exergetic

G gaseous phase

i gas species

in inlet

ind  indicated

input input

mech mechanical

out outlet

ph physical

p constant pressure

T constant temperature
W liquid phase



Table A. Mechanical and overall efficiency calculated for HAC installations with test conditions
available in literature [1,11,15].

Design Parameters Temperatures Pressure Mass flow rate Yield Efficiency
Location Auvailable Riser Water Air Atm Delivery |Water Air Air Mechanical ~ Overall

head depth inlet inlet outlet

(m) (m) ) Q) (kPa)  (kPa) |(kgls) (kgfs) (kgs) (%) (%) (%)
Magog - Test 1 6.5 36.7 26.1 24 1013 459.9 28815 0.767 0.544 70.94 53.85 38.2
Magog - Test 3 6.8 36.7 26.7 242 1013 459.9 1885 0.608 0.462 75.94 62.79 47.68
Magog - Test 5 6.6 36.7 25 26.7 1013 459.9 2968.8 0.842 0.62 73.67 56.73 418
Dillingen Ironworks - Test 1 18 12.4 20 14 1013 222.9 415.7 0.079 0.066 83.7 70.81 59.26
Dillingen Ironworks - Test 3 18 12.4 20 14 1013 222.9 521.6 0.127 0.111 87.15 90.65 79
Dillingen Ironworks - Test 5 18 12.4 20 14 1013 222.9 656.5 0.164 0.143 87.44 92.85 81.19
Dillingen Ironworks - Test 7 18 12.4 20 14 1013 222.9 767.4 0.19 0.166 87.34 92.09 80.43
Dillingen Ironworks - Test 9 18 12.4 20 14 1013 222.9 847.4 0.199 0.172 86.66 87.23 75.59
Glanzenberg | - Test 1 40 82.7 21.8 12 101.3 9119 9 0.015 0.013 87.07 78.39 68.26
Glanzenberg | - Test 3 40 82.7 218 12 101.3 911.9 14.2 0.026 0.023 88.04 85.33 75.13
Glanzenberg | - Test 5 40 82.7 21.8 12 101.3 911.9 16.7 0.028 0.025 87.06 78.74 68.56
Glanzenberg Il - Test 1 50 724 20.5 135 101.3 810.6 8.7 0.015 0.013 89.21 60.82 54.26
Glanzenberg Il - Test 3 50 724 205 135 101.3 810.6 11.4 0.024 0.022 91.05 7371 67.11
Glanzenberg Il - Test 5 50 724 20.5 135 101.3 810.6 13.8 0.03 0.028 91.46 77.45 70.84
Glanzenberg Il - Test 7 50 724 20.5 135 101.3 810.6 15.1 0.033 0.03 91.41 76.99 70.37
Glanzenberg Il - Test 9 50 724 205 135 1013 810.6 18 0.038 0.035 91.15 75.11 68.46
Glanzenberg I - Test 1 17 724 22 12 101.3 810.6 7 0.005 0.004 74.93 77.31 57.93
Glanzenberg I - Test 3 17 724 22 12 101.3 810.6 9.3 0.007 0.005 75.21 78.24 58.84
Glanzenberg Il - Test 5 17 724 22 12 101.3 810.6 11.8 0.01 0.008 78.46 90.55 71.04
Glanzenberg I - Test 7 17 724 22 12 101.3 810.6 14.2 0.012 0.01 78.62 91.25 71.74
Glanzenberg I1l - Test 9 17 724 22 12 1013 810.6 17.6 0.013 0.01 75.58 79.38 59.99
Glanzenberg Il - Test 11 17 724 22 12 1013 810.6 19.6 0.013 0.01 72.41 69.91 50.62
Holzappel - Test 1 117 64.1 19.5 9.5 1013 729.5 18 0.09 0.087 96.41 7117 68.62
Holzappel - Test 3 117 64.1 19.5 9.5 1013 729.5 322 0.141 0.136 95.9 62.43 59.87
Victoria Mine - Test 1 215 80.2 10.9 12 96.5 8825 6159.2 5.912 4.63 78.31 82.36 64.5
Victoria Mine - Test 3 215 80.2 10.9 12 96.5 882.5 5996.3 5.163 3.92 75.92 7377 56.01

Mass fraction|Mass fraction|Mass fraction|Mass fraction|Useful |Used Rate of 'El'heoretical Useful Used Rate of Exergy

N2 02 Ar Cco2 Exergy |Exergy [lrreversibility il Exergy Exergy Irreversibility | Efficiency

Location Efficiency

Stn2 [Stn5 [Stn2 |Stn5 |Stn2 [Stn5 [Stn2 [Stn5

o o | | |06 oo oo |eo |ew) lew)  [ew %) W) Jew  |kw) %)

Magog - Test 1 79.48 65.83 19.46 32.12 1.06 1.85 0.00 0.20 99.20 184.94 85.73 53.64 70.88 184.94 113.55 38.33
Magog - Test 3 7891 64.78 19.99 33.06 1.09 1.92 0.00 0.24 78.74 12597 47.23 62.50 60.15 125.97 65.43 47.75
Magog - Test 5 79.15 65.33 19.77 3255 1.07 189 0.00 0.22 10891 191.50 82.59 56.87 80.75 191.50 110.20 42.17
Dillingen Ironworks - Test 1 77.76 63.97 21.05 33.88 1.17 191 0.02 0.25 5.35 7.64 2.29 70.07 4.50 7.64 3.10 58.90
Dillingen Ironworks - Test 3 77.37 6290 2142 3481 119 197 0.02 0.33 8.60 9.59 0.99 89.65 7.52 9.59 2.01 78.41
Dillingen Ironworks - Test 5 77.34 62.79 2145 3488 1.19 197 0.02 0.36 11.08 12.07 0.99 91.82 9.73 12.07 2.27 80.57
Dillingen Ironworks - Test 7 7736 6281 21.44 3485 119 197 001 0.38 12.85 1411 1.26 91.07 11.26 1411 2.76 79.82
Dillingen Ironworks - Test 9 77.44 63.02 21.37 3466 118 196 001 0.36 13.44 15.58 214 86.28 11.69 15.58 3.79 75.05
Glanzenberg |l - Test 1 7764 61.30 21.19 36.21 118 204 0 0.6 2.85 3.70 0.85 77.00 2.48 3.70 1.20 67.23
Glanzenberg | - Test 3 77.48 61.03 21.33 36.42 118 205 0 050 4.89 5.83 0.94 83.81 4.31 5.83 1.50 73.97
Glanzenberg | - Test 5 77.63 61.28 21.20 36.22 118 204 0 0.6 5.30 6.86 1.55 77.34 4.63 6.86 221 67.53
Glanzenberg Il - Test 1 77.30 60.85 21.50 36.53 1.19 2.07 0 055 2.67 4.44 1.77 60.07 2.38 4.44 2.05 53.71
Glanzenberg Il - Test 3 77.02 60.34 21.77 3691 121 209 0 0.66 4.23 5.82 1.58 72.78 3.86 5.82 1.94 66.39
Glanzenberg Il - Test 5 76.90 60.61 21.82 37.23 121 211 0.06 0.05 5.38 7.04 1.66 76.47 4.93 7.04 2.10 70.04
Glanzenberg Il - Test 7 76.92 60.60 21.82 37.21 121 211 0.06 0.09 5.86 7.70 1.85 76.01 5.36 7.70 233 69.58
Glanzenberg Il - Test 9 76.99 60.29 21.80 36.94 121 209 0 0.68 6.81 9.18 2.37 74.16 6.22 9.18 2.94 67.73
Glanzenberg I11 - Test 1 79.33 64.12 19.59 3375 1.09 1.89 0 024 0.93 122 0.29 75.92 0.70 1.22 0.52 57.21
Glanzenberg 111 - Test 3 79.30 64.04 19.62 33.82 1.09 1.90 0 024 1.25 1.62 0.38 76.83 0.94 1.62 0.67 58.11
Glanzenberg 111 - Test 5 78.85 63.36 20.04 34.43 111 193 0 0.28 1.83 2.06 0.23 88.89 1.44 2.06 0.61 70.09
Glanzenberg 111 - Test 7 78.83 63.33 20.06 3445 111 193 0 0.28 222 2.48 0.26 89.58 1.75 248 0.71 70.77
Glanzenberg 111 - Test 9 79.21 64.09 19.66 33.89 1.09 190 0.04 0.12 2.39 3.07 0.68 77.95 1.82 3.07 124 59.22
Glanzenberg 111 - Test 11 79.61 64.75 19.29 3325 1.07 186 0.03 0.14 2.35 3.42 1.07 68.67 1.71 342 1.70 50.02
Holzappel - Test 1 76.13 59.02 2257 3848 126 214 005 0.35 15.25 21.82 6.57 69.88 14.71 21.82 7.09 67.41
Holzappel - Test 3 76.23 58.87 2249 3818 125 213 0.03 0.83 23.92 39.02 15.10 61.31 22.96 39.02 16.02 58.84
Victoria Mine - Test 1 78.88 63.35 20.01 3444 111 193 000 0.27 111890 1356.67 237.77 82.47 880.03 1356.67 471.47 64.87

Victoria Mine - Test 3 7920 63.88 19.70 3397 1.09 191 000 025 977.04 1322.69 345.65 7387 74532 1322.69 572.66 56.35




